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Comparative analysis of mechanical properties and energy absorption capabilities 
of functionally graded and non-graded thermoplastic sheet gyroid structures 
Additive manufacturing allows the tailoring of the structure of energy-
absorbing materials. It is thus feasible now to use light, printed structures 
instead of other materials such as foams and honeycombs, signifying 
greater possibilities for customization. Some of these structures are triply 
periodic minimal-surface structures that is a family of different structures 
like the gyroid one. Another benefit of additively manufactured graded 
structures, which foams or honeycombs lack, is the flexibility to vary the 
internal parameters along one or more directions. This study focuses on 
the comparative analysis of graded and non-graded gyroid structures for 
four common thermoplastic materials used in additive manufacturing. 
These structures are compared with each other under quasi-static 
compression testing, as well as with expanded polystyrene foam and solid 
samples of the thermoplastic materials. The analysis includes investigation 
of the stress–strain and specific stress–strain curves, capability of 
absorbing energy per unit weight and per unit volume, ideality, total 
efficiency, and normalized energy vs. normalized stress characteristics. 
We also analyze the internal fracture mechanism of the structures. The 
objective is to obtain more extensive knowledge of the behavior of non-
graded structures.  
Keywords: Periodic cellular lattice structures, triply periodic minimal 
surfaces (TPMS), additive manufacturing, compression, energy 
absorption, thermoplastic 
1. Introduction  
For the last fifty years, expanded polystyrene foams (EPS) have been the most common 
materials used to absorb energy in lightweight applications such as different types of 
helmets. Nevertheless, these materials have some drawbacks, such as a low resilience, 
which implies an inability to absorb multiple impacts 6,27, limitation on increasing the 
specific energy absorption 11, low recyclability (especially in helmets that combine 
multiple materials), high thermal insulation [4], and limitation in producing foam with 
different stiffnesses. Some studies 14 have pointed out that owing to the various 
stiffnesses and vulnerabilities of different brain regions, it is essential to develop new 
helmets by tailoring material properties of the inner liner depending on the part of the 
head to be protected. 
Advances in additive manufacturing (AM) could solve some of these problems 
because new geometries can be developed with different optimized energy-absorbing 
structures and configurations depending on the part of the head to be protected. In this 
way, triply periodic minimal-surface (TPMS) structures are identified to be extremely 
efficient solutions 31, 32, because they exhibit a minimal area in three coordinate 
directions, zero mean curvature free of straight lines and intersections, and low 
anisotropy 39. Furthermore, strut-based structures have some angle limitations 25, require 
additional supports in the manufacturing process 40, and present stress concentration 
near the joint; TPMSs do not have these angle limitations or need these supports 42, 41 
and exhibit a more uniform stress distribution 25, 35, 45, 1. Note that TPMSs also present 
higher fatigue endurance 9, 36. 
There are two main methods to generate TPMS solid gyroids; the first, which is 
being considered in this paper, results in a double or sheet-based gyroid that consists of 
two separate minimal surfaces with two different level sets of thickness t used as the 
external surfaces of the volume. The second method generates what is often referred to 
as strut, skeletal, or network gyroid by considering one of the subdomains divided by 
the surface as a solid. Other research works 19 2 37 have demonstrated that the double or 
sheet-based gyroid can exhibit superior mechanical properties to the skeletal latter. 
Maskery et al. 24 23 also studied the specific energy absorption (SEA) and observed that 
sheet gyroids have a three times higher SEA than that of skeletal gyroids. Other studies 
of gyroid structures 21 10 4 pointed out that these TPMS structures, for all densities, have 
the highest isotropy (with a Zener ratio constant with unity) compared with other TPMS 
structures (such as Schwarz P, Neovious, and diamond). Other woks 28 have compared 
the mechanical properties of different TPMS structures, which revealed the high 
specific mechanical properties of gyroid structures. In summary, it can be concluded 
that sheet-based gyroid TPMSs could be a promising substitutes for EPSs in terms of 
mechanical properties, manufacturing process, and structural stability, and thus, are the 
focus of this study. 
Note that AM also facilitates the use of a range of materials with different 
structures and parameters, as well as the generation of solid zones. Therefore, the same 
material can be used for the main parts of the helmet, increasing recyclability. 
Contemporary helmets have an internal liner of EPS (that could be substituted by a 
TPMS structure), an outer shell of polycarbonate (which could be also substituted by a 
solid printed zone), and some elements made of acrylonitrile butadiene styrene (ABS) 
(which can also be generated using AM); thus, the different parts must be separated 
before the recycling process. Furthermore, AM enables the use of new materials for the 
internal liner, including some renewable origin materials such as polylactic acid (PA); 
however, these materials have relatively inferior mechanical properties. AM also allows 
for the generation of different TPMSs that can be modified depending on the part of the 
head that needs to be protected. 
Finally, AM also allows varying of the TPMS variables, especially thickness, 
along a specific direction; the structures so formed are known as graded structures, 
which can be customized to generate functionally graded materials (FGMs). FGMs have 
been used to optimize structures in some applications 22 such as orthopedic 20 and 
dentistry implants 29. Maskery et al. 23 studied graded and non-graded Al-Si10-Mg trust 
lattice structures. In the graded structures, the relative density varied from 0.139 to 
0.301 relative density (factor of variation of 2.16), generating an equivalent relative 
density of 0.22, which was compared with the 0.22 relative density for the non-graded 
structure. They observed that while non-graded structures followed the Gibson–Ashby 
model 15, graded structures presented a continuously increasing stress–strain curve and a 
layer-to-layer collapse. Additionally, the results show that graded structures can avoid 
non-desirable failures, such as diagonal shear bands, and cause a continuous increase of 
energy absorption and strengthening. Moreover, despite graded structures having lower 
maximum efficiency, the efficiency–strain diagram shows a more constant shape 
without peaks and valleys as in the case of non-graded structures. In the same way, the 
normalized energy absorption diagram has less variation.  
The study by Gurminder et al. 34, of copper open cell, also reported the same 
conclusion related to the failure mechanism; they investigated a single type of graded 
structure by varying the thickness from 1 to 1.6 mm (factor of variation of 1.6). 
However, they reported that the material, although has a graded structure, follows the 
Gibson–Ashby model. Nevertheless, Maskery et al. 23 pointed out that there should be a 
factor of variation from which graded structures do not follow the Gibson–Ashby 
model. 
Al-Saedi et al. 3 studied Al-12Si aluminum alloy strut-graded lattice structures 
with a variation of the relative density from 0.077 to 0.343 (factor of variation of 4.45), 
which was also compared with an equivalent non-graded structure with a relative 
density of 0.185. The results of this study were similar to those obtained by Maskery et 
al. 23 regarding the failure mechanism and energy absorption rate. 
However, concerning the modification of the variables of sheet gyroid 
structures, little is known about the effects on different polymeric materials or their 
behavior in energy absorption performance, especially when considering substitutes for 
current impact-absorption materials such as EPS. 
In this study, we aim to investigate the different variables affecting the energy 
absorption performance of sheet gyroids for various fused deposition modeling (FDM) 
thermoplastics and two different factors of variation; finally, we compare their optimal 
configurations with those of EPS. 
2. Materials and methods  
2.1. Materials 
The studied materials were Z-ULTRAT ABS, fused filament fabrication (FFF) 
Flexismart thermoplastic polyurethane (TPU), Fiberology polyamide 12 (PA12), and 
HR-870 polylactic acid (PLA) (Table 1). The specimens were generated by FFF with a 
0.10-layer height using a Zortrax M200 3D printer; this machine was equipped with a 
0.4 mm diameter nozzle. A 100% volume fraction cube of each material was also 
generated (Table 2) and tested as a comparison for the specimens in terms of properties 
with the same weight; additionally, to determine the mechanical properties of the fully 
dense solid material under tractions loads, some specimens have been generated and 
tested according with the ASTM D638 (table 1). The retraction distances, layer 
ventilation, and temperature were selected by considering the specifications of the 
material distributor and the 3D printer manufacturer for each material. Additionally, in 
the case of PA12, to avoid hygroscopy, a desiccant box with a guided tube to the direct 
extruder was used. 
 






















ULTRA 29.8 1570.4 1080 11.08 1195 
TPU FFF Flexismart 28 21.2 n/a 600 960 
PA12 Fiberology  48 1436.1 1200 n/a 1020 
PLA HR-870  32 2005.7 1979 n/a 1220 
 














ULTRA 69.18 1692.64 1195 
TPU FFF Flexismart - 20.58 960 
PA12 Fiberology  48.22 1491.91 1020 
PLA HR-870  68.79 1936.54 1220 
 
An EPS foam with a density of 120 kg/m3 (EPS120) was also studied, which is 
one of the most common materials for the interior energy absorption liner of 
motorcyclist helmets. 
2.2. Methods 
Materials were tested according to UNE-EN-ISO 844:2015 “Rigid cellular plastics - 
Determination of compression properties,” so 50 mm cubic specimens were used and 
the specimens were tested under low strain rates (0.00166 s-1) using an INSTRON 8032 
uniaxial test machine equipped with a 100 kN load cell, which harnesses force and 
displacement to determine stress–strain curves.  
A TPMS gyroid is represented by the level curvature equation of a gyroid (Eq. 
1) defined by Shoen33, where a is the unit cell size and t is the parameter that defines the 
wall thickness: 
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Note that there is a close relationship between the volume fraction (ρ*) and the 
parameter that defines the thickness, t 30. Additionally, ρ* is related to the density of the 
solid material (ρsolid) and the measured density of the structure (ρstruct):  
𝜌𝜌∗ = �𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
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𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
�          (2) 
For graded gyroid structures, it is possible to control this parameter using a field 
that varies in any direction; herein, the linear variation with the z-direction has been 
studied, resulting in a continuously changing volume fraction. A period of 15 mm was 
selected for the 45 mm specimen, resulting in 3 cell units in each direction. A 
sufficiently low period length was selected to reduce the influence of the edge effect in 
the results, which is high enough to obtain a specimen that has adequate accuracy with 
the 3D model due to the resolution of the 3D printer. 
Four different specimens were compared: two linear-graded structures with low 
and high variations of the volume fraction and two non-graded structures with 
equivalent volume fractions (Fig. 1). The four specimens were as follows:  
• LG15%: Low-variation linear-graded gyroid structure having between a 10 and 
20% volume fraction; the equivalent volume fraction was 15%, with a ratio of 2 
between the lowest and highest volume fractions. 
• NG15%: Non-graded gyroid structure with a 15% volume fraction. 
• HG25%: High-variation linear-graded gyroid structure having between an 8.3 
and 41.6% volume fraction; the equivalent volume fraction was 25%, with a 
ratio of 5 between the lowest and highest volume fractions. 
• NG25%: Non-graded gyroid structure with a 25% volume fraction. 
 
                      
Figure 1. from left to right: LG15%, NG15%, HG25% and NG25% and the volume 
fraction in each zone 
2.3 Interpretation of the results 
Stress–strain curves are especially useful for obtaining the maximum mechanical 
property levels and the different points of the Gibson–Ashby model 15 (Fig. 2):  
• Maximum specific compression strength in the elastic zone (σcs,e) 
• Maximum specific compression strength at the densification point (σcs,d) 
• Specific elastic Young’s modulus (Ecs) 
• Specific plateau Young’s modulus (Eps) 
• Specific elastic absorbed energy (Wes): 
∫ 𝜎𝜎𝜀𝜀𝑠𝑠,𝑠𝑠𝑉𝑉 𝑑𝑑𝑑𝑑         (3) 









16.6%   
∫ 𝜎𝜎𝜀𝜀𝑠𝑠,𝑝𝑝𝑉𝑉 𝑑𝑑𝑑𝑑         (4) 
 
 
Figure 2. Stress–strain curve for a material that follows the Gibson–Ashby model. 
In addition, the Gibson–Ashby model15 also correlates the average stress in the 
plateau zone (σp), the elastic modulus (Ec) and the strain in the densification point (εc,p) 
with the relative density/ volume fraction and the main properties of the fully dense 
solid material under traction efforts: the Young’s modulus (E0) and the ultimate tensile 
strength (σu) through equations 5 to 7 where C1, C2 n1, n2 and α depens on the material, 
the load direction and the structure of the unit cell.   
𝐸𝐸𝑠𝑠
𝐸𝐸0
= 𝐶𝐶1 ∙ (𝜌𝜌∗)𝑛𝑛1        (5) 
𝜎𝜎𝑝𝑝
𝜎𝜎𝑠𝑠
= 𝐶𝐶2 ∙ (𝜌𝜌∗)𝑛𝑛2        (6) 
𝑑𝑑𝑐𝑐,𝑝𝑝 = 1 − 𝛼𝛼 ∙ 𝜌𝜌∗        (7) 
 Some authors determined experimentally these parameters for foams12, 
honeycombs38, some porous biomaterials18 and AM strcutures7. In the case of gyroid 
structures, Yan et al.43 studied Ti–6Al–4V non-graded giroid structures and determined 
these variables using logarithmic diagrams and determined that . Yang et al.43 
determined these parameters for graded and non-graded gyroid cellular structures made 
of 316L. Their studies reflected substantially different values of the parameters 
depending on the material so they must be determined experimentally. In this work, it 
has been used also the method defined by Yan et al.43 
The densification point and elastic point shown here can be used to compare 
materials, as Avalle 5 pointed out by comparing and tailoring polymeric foams and 
combining stress–strain curves with stress–density diagrams. These works studied the 
capability of foam to absorb energy, using the area below the stress–strain curve (Fig. 
3). For the non-graded gyroid structures that also follow the Gibson–Ashby model 43, an 
increase in the volume fraction implies an increase in the density and also an increase in 
the stress values (σc,e, σc,d), as well as the capability to absorb energy, along with lower 
strain at the densification point. This is due to the reduction of space inside the unit cell, 
which decreases the strain needed to contact different surfaces of the unit; as a result, 
the densification point is reached with a lower strain (reduction in εc,d). However, in 
some cases (Fig. 3), it can be observed that to absorb the same amount of energy (Wabs), 
a lower volume fraction (which also implies that the material has lower stiffness) 
suggests higher maximum stress because the densification point is exceeded. Moreover, 
if the material is excessively stiff (volume fraction is too high), higher stress appears 
because the stress in the plateau zone increases; furthermore, the strain reached is low, 
so the capability to absorb energy in the plateau zone is not sufficiently exploited. 
However, the stiffness could be reduced using a lower volume fraction, which would 
imply the same capability to absorb energy but with a lower stress level. Conversely, if 
the volume fraction is excessively low, the materials are not sufficientyly stiff and have 
excesive deformation; they absorb the same energy and the densification point is 
passed. Consequently, the stress increases exponentially, implying higher stress levels 
toward the end. Finally, when the optimum volume fraction lies between these values, 
the material can absorb energy in the plateau zone. 
 
 
Figure 3. Influence of the volume fraction and the density in the stress–strain curve of a 
material at maximum stress 
The absorbed-energy–stress diagrams (Fig. 4) are also useful for comparing 
different volume fractions and to determine the maximum stress that can be reached by 
the material to absorb a certain amount of energy. These curves can also be used to 
determine an optimal envelope curve that indicates the optimal volume fraction to 
absorb certain energy with the lowest stress level. In the case of polymeric foams, 
Avalle et al. 5 mathematically demonstrated the existence of a line with an increasing 
slopethat begins at the origin, which defines the optimal envelope curve. Accordingly, 
the optimal point for this material is close to the stress at the densification point (σc,d). 
These diagrams are also useful for selecting the optimum material with the lowest stress 
levels to absorb a certain amount of energy. The structure with the highest or lowest 
energy absorption in some cases may not necessarily be optimum. 
 
 
Figure 4. Influence of the volume fraction and the density on the absorbed energy and 
maximum stress reached. 
Efficiency (E) is another interesting indicator proposed by Miltz and Ramon 26 




          (8) 
Avalle 5 also mathematically demonstrated for polymeric foam that, for the same 
type of foam with different densities, the optimal efficiency is constant (Fig. 5). These 
diagrams can be used to select the most efficient lattice structure (optimal volume 
fraction value) for certain maximum stress. Iso-energy curves can also be plotted in 
these diagrams to select the most efficient structure configuration or the configuration 
with lower stress. These diagrams additionally show that, for certain stress limits 
(vertical line) or a certain amount of energy absorption, the structure with the higher or 
lower volume fraction is not the most efficient one.  
In the efficiency vs. stress diagram (Fig. 5.b), it has been plotted the curves for 
specimens with different increasing volume fraction; the curves shows that there is a 
maximum efficiency that is the same for all the specimes independently of the volume 
fraction, like Avalle 5 demonstrated. Additionally, the stress at the maximum efficiency 
point increase with the volume fraction (Fig. 5.b).  
In the case that it would be desired to select a configuration to absorb a quantity 
of energy, iso-energy curves of Fig. 5.b. will be used and it is possible to see (blue lines) 
that, for certain energies, the most efficient solution would not be the specimen with the 
highest or the lowest volume fraction (Fig. 5.a). However, the lowest the volume 
fraction, the lowest the maximum level of stress (Fig. 5.d).  
In the case that it would be desired to select a configuration that do nor overpass 
a stress level (vertical line in Fig. 5.b), it is possible to see (red lines) that, for certain 
stress levels, the most efficient solution would not be the specimen with the highest or 
the lowest volume fraction (Fig. 5.c). 
 
 
Figure 5. Influence of the volume fraction and the density on the efficiency and 
maximum stress reached. 
However, although efficiency is useful for most common materials that follow 
the Gibson–Ashby model, this parameter is not adequate when the stress–strain curve 
does not monotonically increase because the parameter does not consider the previously 
reached maximum stress; consequently, the total efficiency (Et) was proposed 16,17 to 







          (9) 
Maskery et al. 23 further demonstrated that this indicator is useful for certain 
types of lattice structures. 




          (10) 
While to calculate efficiency, only stress is considered, for ideality, both stress 
and strain are included to analyze how close the material is to an ideal absorber that will 
be a material with constant stress across all strain ranges. The study by Miltz et al. 26 
also highlighted that ideality was not an adequate indicator for materials that follow the 
Gibson–Ashby model because the maximum ideality appears at the beginning of the 
plateau zone. 
Note that the abovementioned diagrams compare materials for a specific 
volume. However, in certain applications, such as helmet liners to reduce rotational 
acceleration 8, it is equally or more important to select a light material for the inner 
liner. Consequently, instead of using energy and stress, specific energy (Ws) and 
specific stress (σs) are more appropriate. Mathematically, it is easy to demonstrate that 
efficiency and ideality do not change if specific energy and specific stress are used.  
In summary, specific parameters are useful for comparing materials with the 
same weight, and nonspecific parameters are useful for comparing different materials 
with the same volume.  
Finally, normalized energy (W/Ecb) versus normalized stress (σ/Ecb) 
characteristics have been used 23,44 to compare AM structures and foam materials with 
materials of different origins. In this case, Ecb is the Young’s modulus of the solid 
specimen of the AM materials and, in the case of foams, the Young’s modulus of non-
foam materials. 
3. Results and discussion 
The analysis of the stress–strain curve of the different materials (Fig. 6) shows that 
high-grade gyroid HG25% partially follows the Gibson–Ashby model because it 
presents an initial elastic zone with linear behavior and a final densification zone with 
exponential behavior. However, these configurations do not exhibit the constant plateau 
of the Gibson–Ashby model. The results show that, depending on the material, the 
behavior in the intermediate zone changes: in the case of the TPU and PA12, a 
constantly increasing slope with some small fluctuations appears corresponding with the 
collapse of each layer of the specimen. For PLA, which is a brittle material, the stress 
level initially appears as a peak and later decreases and appears as a plateau that is 
similar to the one of the Gibson–Ashby model. For ABS, initially, there is a plateau 
with some oscillations and afterwards, the curve shows an increase with some 
oscillations. Comparing the result of the HG25% structure with the equivalent non-
graded one, NG25%, the non-graded material follows the Gibson–Ashby model, as do 
all the studied materials. Nevertheless, for PLA, an initial peak is also observed at the 
beginning of the plateau. The comparison between these configurations shows that, for 
the PA12 and TPU, the initial level of strain after the elastic zone is lower for the non-
graded structure and increases linearly to reach a higher level of stress. Additionally, the 
densification point appears with higher strains for the graded structure; this is especially 
significant in the case of the TPU material. For PLA, the densification appears with a 
lower strain and the stress level in the intermediate zone is smaller for the graded 
structure.  
 
Figure 6. Stress–strain curves for the studied materials and structures. 
Note that LG15% also follows the Gibson–Ashby model. In terms of the level of 
stress, comparing this structure with NG15%, it can be observed that, for ABS, there are 
no significant differences between the two structures; moreover, the densification point 
appears approximately at the same strain level. In the case of PLA, the level of stress is 
significantly higher for the graded structure, which increases slightly in the plateau 
zone. For TPU and PA12, while the stress beyond the elastic zone is significantly lower 
for the graded structure, that in the plateau is similar; the densification point appears at a 
much higher strain implying a higher capability to absorb energy in a controlled 
manner. Thus, there is no clear pattern in the stress–strain curve of the graded structures 
and it is essential to analyze the stress–strain curve of the original materials to establish 
a possible relationship. This is shown in Fig. 7.  
Additionally, for ABS, the non-graded structures have a more stable stress–
strain curve and densification appears with higher strains, especially in the case of 
HG25%. For PLA, the low-graded structures increase the stress levels in the plateau 
zone and generate a slightly increasing curve that enhances the overall mechanical 
properties of the structure. The mechanical properties of the high-graded structures are 
reduced and an undesirable initial high peak is generated. In all the cases, densification 
appears approximately at the same strain level. While TPU shows lower mechanical 
properties, the graded structures delay the densification point compared with the non-
graded ones. Additionally, high-graded structures generate a constantly increasing 
curve. Finally, PA12 presents a similar behavior to that of TPU, but there is no 
significant increase in the strain at the densification point. Main mechanical properties 
that are going to be used to determine the parameter of the equations 5 to 7 are 
condenser in Table 3.  










NG15% 78.2 2.52 0.72 NG15% 58.6 0.93 0.72 
NG25% 91.1 2.89 0.68 NG25% 127.7 ND 0.66 
LG15% 89.9 2.78 0.63 LG15% 59.0 3.55 0.63 










NG15% 27.0 0.99 0.45 NG15% 36.6 1.24 0.6 
NG25% 40.3 1.34 0.41 NG25% 62.2 3.55 0.53 
LG15% 21.5 0.62 0.73 LG15% 15.1 0.42 0.55 
NG15% ND ND 0.69 NG15% ND ND ND 
It can be observed in this table that, with the same equivalent volume fraction, 
graded and non.graded strcutures exhibit different mechanical properties; additionally, 
in some cases the shape of the stress-strain curve of some graded materials do not 
follow the Gibson–Ashby model. Thus, it has been obtained the Gibson–Ashby 
parameters only for non-graded structures (Table 4); this table shows a huge variation in 
all the parameters and there is not a clear relationship of this parameters between 
materials. Consequently, they cannot obtained from a similar material (TPU and PLA) 
or with the same failure mode and they must be obtained experimentally for each 
material. 
Table 4 Gibson–Ashby model parameters 
 
 C1 C2 n1 n2 α 
ABS 0.087 0.00267 0.298 0.268 0.847 
PLA 0.526 0.0671 1.52 2.62 0.843 
TPU 5.65 0.143 0.786 0.593 0.529 
PA12 0.180 0.0346 1.03 1.94 0.706 
Comparison of these structures with EPS reveals that the EPS curve exhibits no 
oscillations that are due to the collapse of cells in AM structures. Additionally, in some 
cases, EPS has higher specific properties (TPU), but in other cases lower (ABS). 
The specific stress–strain curves (Fig. 7), used to compare structures having the 
same weights, along with the curve for the original material, show that the shape of the 
original material conditioned the stress–strain curve, especially for the high-graded 
structure. The ABS solid material has an initial peak at the end of the elastic zone, 
followed by a constantly increasing curve that ends with an exponential behavior 
beginning at a relatively low strain (0.3%). This curve shape indicates the shape of the 
gyroid structure, which also presents an initial peak. Additionally, the exponential 
behavior of the original material with low strains is reflected in the behavior of the high-
graded structure but does not condition the other structures. The analysis of the specific 
stress levels also shows that a higher volume fraction implies lower initial specific stress 
levels and a lower specific Young’s modulus in the elastic zone. 
 
 
Figure 7. Specific stress–strain curve for the studied materials and structures. 
In the case of PLA, while this material shows higher specific stress than that in 
ABS, the specific stress levels of the gyroid structures are lower; additionally, higher 
volume fractions imply higher specific stress levels. The PLA curve shape also shows 
an initial peak that is higher than that of ABS, which is reflected in the higher initial 
peak of the gyroid structures. For PLA, the exponential behavior of the curve appears 
with higher strain, thus delaying the strain at which densification occurs in the gyroid 
structures. Furthermore, the densification of the PLA original material, that appears 
with high strains, will highly influence the shape of the high-graded gyroid structure.  
The TPU solid material initially exhibits a linearly increasing curve that ends 
with an exponential zone, while PA12 conditions a bi-linear curve that also ends with an 
exponential zone. This shape condition, especially the shape of both graded structures, 
also presents a constantly increasing shape that ends with an exponential zone. The 
slope of this curve increases for a higher variation of the volume fraction of the graded 
structure. However, in the case of the non-graded structures, the Gibson–Ashby  model 
is followed (Fig. 7). 
The main conclusion of the analysis of the original materials is that, while they 
influence the curve shape of the graded structures, they do not influence the curve shape 
of the non-graded structures that follow the Gibson–Ashby model. 
Comparison of these materials with the EPS120 shows that EPS has higher 
specific properties and there are no oscillations in its curve.  
Fig. 8 shows the absorbed energy per unit volume of each structure. Depending 
on the material, either graded or non-graded structures have high energy-absorbing 
capabilities. In ABS, the graded structures have a higher capability to absorb energy, 
while in PA12, non-graded structures are superior. For PLA, while NG25% can absorb 
more energy than HG25%, NG15% has a lower energy-absorbing capability than 
LG15%. In TPU, NG25% and HG25% have approximately the same capability, while it 
is higher in NG15% than in LG15%.  
The comparative analysis with EPS120 shows that although ABS has a higher 
capability to absorb energy, it is lower in TPU structures. In the case of PA12 and PLA, 
the high volume fraction structures have higher capabilities to absorb energy than the 
low volume fraction structures. 
 
Figure 8. Energy absorbed per unit of volume vs. strain for the studied materials and 
structures. 
In terms of energy absorbed per unit of mass (Fig. 9), it can also be observed 
that EPS has a higher capability to absorb energy, except for ABS, which has energy-
absorbing capability similar to graded structures, qualifying it as a substitute. Compared 
with the solid material, it can be observed that, except for TPU, the other gyroid 
structures can absorb less energy per unit mass.  
The analysis also indicates that, depending on the material, the structure with the 
highest capability to absorb energy per unit of mass differs. In the case of ABS, LG15% 
has the highest capability until it is surpassed by HG15%. In the case of non-graded 
structures, the lower the volume fraction, the higher the energy-absorbing capability. In 
the case of PLA, NG25% has the highest capability and, further, both graded structures 
have similar capabilities. Finally, NG15% had the lowest energy-absorbing capability. 
In the case of TPU, NG15% has the highest capability followed by NG25%. Up to a 
certain point, at a strain of approximately 45%, both graded structures have similar 
capabilities and, after this point, the high-graded structure has the highest capability. 
Finally, in the case of PA12, NG25% has the highest capability followed by NG15%, 
until at a certain point it is surpassed by HG25%. LG15% has the lowest capability.  
 
Figure 9. Energy absorbed per unit mass vs. strain for the studied materials and 
structures. 
The analysis of the total effectivity (Fig. 10) shows that high-graded structures 
have the lowest effectivity among all the gyroid structures; thus, they do not efficiently 
use the material to absorb energy. In the low-graded structures of EPS and TPU, this 
configuration has the highest total efficiency; however, in TPU until a strain of 50%, the 
non-graded equivalent structure has higher efficiency. For the other materials, NG15% 
has higher efficiency than LG15%; thus, LG15% superior only in certain cases. The 
efficiency of the graded structures for the TPU appears at a higher strain, owing to the 
delay in densification. Compared with the original materials, gyroid structures increase 
the efficiency in all the cases except for the high-graded PA12 structure. Comparing the 
gyroid structures with EPS reveals that it is possible to obtain a configuration with 
higher efficiency for all the materials. Nevertheless, some configurations also have 
lower efficiency. 
 
Figure 10. Total efficiency vs. strain for the studied materials and structures. 
The graphs of the total efficiency vs. stress (Fig. 11) also illustrate the stress 
level at which maximum efficiency appears. While the high-graded structure has the 
lowest maximum total efficiency, the range of stress with significant efficiency is higher 
than that of other materials. For some materials (TPU and ABS), the maximum 
efficiency appears approximately at the same stress levels, whereas in the case of PLA 
and PA12, this does not occur. 
 
Figure 11. Total efficiency vs. stress for the studied materials and structures. Grey lines: 
iso-energy curves in J/kg. 
The analysis of ideality (Fig. 12) indicates that in all cases, except for PLA and 
the high-graded structure, non-graded structures have higher ideality for the entire or 
major part of the strain range. The non-graded structures have a higher ideality than 
EPS, but the ideality of the gyroid structures has some oscillations due to the layer-to-
layer collapse. This phenomenon also appeared in the previous graphs for total 
efficiency. It is important to note that gyroid structures, in most cases, generate more 
ideal materials than solid materials do.  
 
Figure 12. Ideality vs. strain for the studied materials and structures. 
Fig. 13 shows plots of normalized energy vs. normalized stress; in most cases, 
the non-graded structure has higher normalized energy than the graded structures, 
except for ABS, which has approximately the same normalized energy for all the 
structures and most of the strain range. Particularly, the gyroid structures appear to have 
lower normalized energy than the solid material and EPS, except in the case of the TPU. 
Hence, at the same maximum stress level, the original materials and EPS can absorb 
more energy than the gyroid structures; furthermore, the non-graded structures have 
higher capabilities to absorb energy at the same stress, in most cases. 
 
Figure 13. Normalized energy vs. normalized stress for the studied materials and 
structures. 
Finally, Fig. 14 illustrates some compression tests for different materials and 
configurations. In all the studies, for both the graded and non-graded structures, the 
structures were seen to collapse layer-by-layer, with no other type of collapse present in 
the investigated materials. Furthermore, while ABS and PLA cannot recover their initial 
shapes and present a high permanent deformation after the test, TPU completely 
recovers its initial shape and can thus absorb other impacts; therefore, TPU can be a 
suitable material in the case of multiple impacts. As for PA12, the material partially 
recovers its initial shape but exhibits permanent deformation. 
 
Figure 14. Images demonstrating the compression testing of some materials and 
structures. In the botton of each image appear the strain. 
4. Conclusion 
In this study, we examined the mechanical properties and energy absorption capabilities 
under quasi-static compression of non-graded and graded gyroid structures 
manufactured using fused filament fabrication for various thermoplastic materials. 
While the shape of the stress–strain curves for graded studied structures is highly 
influenced by the original material, for non-graded structures, this influence is not so 
significant and most studied models follow the Gibson–Ashby material model. For a 
graded structure, an increasing curve is observed in the area between the elastic zone 
and the densification zone that could be typically approximated with a linear curve. This 
curve has a higher slope in the high-graded structure than in the low-graded structure. 
Additionally, for TPU, the densification appears with significantly higher strains for the 
graded structures. Hence, for this material, the significant zone of the curve is extended. 
For PA12, the same phenomenon occurs, but the increase is not very high. In 
relationship with the parameters of the Gibson–Ashby material model, it has not been 
obtained a relationship that can be used to determine any of these parameters without 
experimental test of the studied material. 
The comparative analysis with EPS120, reveals that with these configurations, it 
is possible to obtain a material with similar or superior mechanical specific and 
nonspecific properties; hence, the capability of absorbing energy per unit volume and 
per unit mass is also similar or higher. Additionally, for some materials, the 
densification appears at a higher strain level using gyroid structures allowing the 
material to deform significantly before reaching the densification zone, which implies 
an exponential behavior of the stiffness. In the case of TPU, the lower initial mechanical 
properties imply a lower capability to absorb energy per unit volume; however, in the 
case of other materials that have a higher capability to absorb energy per unit volume, 
the higher density (between 20 and 150% higher) penalizes the capability to absorb 
energy per unit mass. Additionally, it must also be noted that the internal collapse of the 
cells of the gyroid structures generates some oscillations in the stress–strain curves of 
the material.  
Comparative analysis of the graded and non-graded structures shows that in 
some cases (ABS and PLA), graded structures exhibit higher capabilities to absorb 
energy than equivalent non-graded ones, but in other cases (PLA and PA12), non-
graded structures absorb more energy. Additionally, TPU can recover its initial shape 
completely, while PA12 can recover partially. Subsequent compression tests have not 
been carried out to analyze resilience, to determine if these materials can absorb 
multiple loads, or to discover if they have the internal resistant structure intact.  
Note that while other authors have noticed other additional collapse failure 
mechanisms, only a layer-by-layer collapse, which is desirable, was observed in this 
study. 
Analysis of the total efficiency and the total ideality shows that some of the 
gyroid structures have higher values than the EPS and the original materials, but the 
curves also present some oscillations. Additionally, the results reveal that in most cases, 
the non-graded structures have higher efficiency and ideality; therefore, they can be 
utilized to absorb energy, except for the case of TPU, where although the maximum 
total efficiency and ideality are lower, the range of the strain with higher values is 
larger. 
Interestingly, none of the observed patterns indicates that graded structures are 
superior to non-graded structures or vice versa; this behavior depends on the individual 
material. 
Finally, it was observed that graded structures exhibit a constantly increasing 
stiffness in the intermediate zone of the stress–strain curve. This could imply that these 
structures could generate superior energy-absorbing materials because an initial peak 
typically appears, during an impact, in the deceleration curve that is related to the initial 
stiffness of the stress–strain curve in the intermediate zone, and afterwards, the 
deceleration decreases. The use of graded structures that initially have lower stiffness 
could imply lower initial peak deceleration. However, additional studies using drop 
towers are essential. 
Furthermore, while impacts are dynamic-load cases, this study has been focused on 
quasi-static compression tests; hence, additional tests that involve the influence of strain 
rate should be carried out. 
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